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Removal of Heavy Metal Ions from Water
and Wastewaters by Sulfur-Containing Precipitation
Agents

Alina Pohl

Abstract Restrictive requirements for maximum con-
centrations of metals introduced into the environment
lead to search for effective methods of their removal.
Chemical precipitation using hydroxides or sulfides is
one of the most commonly used methods for removing
metals from water and wastewater. The process is simple
and inexpensive. However, during metal hydroxide pre-
cipitation, large amounts of solids are formed. As a result,
metal hydroxide is getting amphoteric and it can go back
into the solution. On the other hand, use of sulfides is
characterized by lower solubility compared with that of
metal hydroxides, so a higher degree of metal reduction
can be achieved in a shorter time. Disadvantages of that
process are very low solubility of metal sulfides, highly
sensitive process to the dosing of the precipitation agent,
and the risks of emission of toxic hydrogen sulfide. All
these restrictions forced to search for new and effective
precipitants. Potassium/sodium thiocarbonate (STC) and
2,4,6-trimercaptotiazine (TMT) are widely used. Dithio-
carbamate (DTC) compounds are also used, e.g., sodium
dimethyldithiocarbamate (SDTC), and ligands for perma-
nent metal binding, e.g., 1,3-benzenediamidoethanethiol
(BDETH2), 2,6-pyridinediamidoethanethiol (PyDET), a
pyridine-based thiol ligand (DTPY) or ligands with open
chains containing many sulfur atoms, using of a tetrahe-
dral bonding arrangement around a central metal atom.
The possibility of improving the efficiency of metal

precipitation is obtained by using a higher dose of pre-
cipitating agent. However, toxic byproducts are often
produced. It is required that the precipitation agents not
only effectively remove metal ions from the solution but
also effectively bind with dyes or metal complexes.

Keywords Metal sulfide precipitation . Chelating
agents . Dithiocarbamate compounds . A synthetic
chelating ligand

1 Introduction

As civilization develops, the level of environmental
pollution with heavy metals intensifies. This pollution
has an influence on air, water, and soil contamination by
dust, industrial gases, sewage, waste, and coal combus-
tion products containing heavy metals (Nocoń et al.
2006; Barbusiński and Nocoń 2011). The persistent
nature of these non-biodegradable pollutants is very
dangerous. They tend to accumulate in living organ-
isms. After entering the food chain, they undergo
biomagnification processes and finally accumulate in
the human body. Heavy metals are classified as sub-
stances that pose a particular threat to human health due
to their possible toxic or carcinogenic effects (Barakat
2011; Fu and Wang 2011).

As a result of many industrial processes, sewage is
generated, and it contains a number of heavy metals,
such as zinc, copper, nickel, mercury, cadmium, lead, or
chromium (Fu and Wang 2011).
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Metals in wastewater can come from fertilizers or
pesticides as well as from the plating, tanning, dyeing,
textile, or electrochemical industries (Koc-Jurczyk
2013). The most commonly used methods of metal
removal from wastewater include methods based on
the precipitation of metal hydroxides or sulfides, ion
exchange on chelating ion exchangers, evaporation in
vacuum evaporators, reverse osmosis process, mem-
brane filtration, electrochemical processing technolo-
gies, adsorption on various materials, co-precipitation
with ferrite, or the use of starch or borohydride xanthates
to reduce metal ions to metallic form (Fu et al. 2006a;
Barakat 2011; Thomas et al. 2014).

The scope of this work is to set the methods for
removingmetals fromwater and wastewater, comparing
their effectiveness with particular emphasis on methods
based on sulfidation.

2 Methods for Removing Metals from Wastewater
and Water-Chemical Precipitation

Precipitation is a method in which contaminants (in dis-
solved or suspended form) are separated from the solution
as a sediment, which can then be filtered, centrifuged, or
otherwise separated from the liquid part (US Environmen-
tal Protection Agency (US EPA) 2000, Fu and Wang
2011). The precipitate forms as a result of the formation
of a complex between the precipitation agent and heavy
metal ions, which reduces the bioavailability of metals
(Sheoran and Sheoran 2006).

Chemical precipitation is an effective and widely
used process in the industry. It is characterized by sim-
plicity and it is inexpensive to operate. It can be used to
remove pollutants from municipal and industrial waste-
water. It can also be used for water softening, heavy
metal removal from metal plating wastes, oil and grease
removal from emulsified solutions, and phosphate re-
moval from wash-waters and other wastewater (US
Environmental Protection Agency (US EPA) 2000, Fu
and Wang 2011). In the technological system, the ob-
tained precipitate is separated from the solution by sed-
imentation or filtration, and the treated water is then
decanted and respectively discharged or re-used
(Fig. 1) (Fu and Wang 2011).

One of the most important parameters regulating
chemical precipitation is pH. For the coagulation pro-
cess, pH is a critical parameter. Generation of polymeric
coagulant forms with a highly positive charge,

considered the most effective, occurs at a pH value of
< 6.5, which in practice means the acidification of the
medium to be purified before the coagulation stage
(Mroczko and Zimoch 2018).

Effectiveness of the chemical precipitation is also
affected by the type and concentration of metal ions
present in the solution, precipitation reagent used, reac-
tion conditions, and presence of other compounds that
can inhibit the reaction. The quantities of necessary
chemicals used in the process are difficult to calculate.
It depends on the pH and alkalinity of the wastewater,
phosphate level, point of injection and mixing modes,
among other factors (Barakat 2011, US Environmental
Protection Agency (US EPA) 2000). In practice, the
metal precipitation does not coincide with the theoretical
characteristics of their solubility and pH range specified
for solutions containing single metal cations (Grabas
2009). Accurate doses should be determined by jar tests
and confirmed by field evaluations. In wastewater treat-
ment, the most commonly used are:

– Lime - calcium oxide, CaO;
– Ferrous sulfate, Fe(SO4)3;
– Alum or filter alum, Al2(SO4)3∙14H2O;
– Ferric chloride, FeCl3;
– Polymer (US Environmental Protection Agency

(US EPA) 2000).

In the coagulation process, traditional hydrolyzing
aluminum salts such as aluminum sulfate or aluminum
chloride are often used. Replacing them with new coag-
ulant generation, represented by pre-hydrolyzed alumi-
num salts with a high degree of polymerization with the
general formula Aln(OH)mCl3n−m, allows not only for
more efficient treatment but also to minimize the unde-
sirable effects of chemical dosing and higher efficiency
over a wide range of pH and temperature (Mroczko and
Zimoch 2018). As pre-hydrolyzed coagulants,
polyaluminium chloride, sulfate (VI) polyaluminium,
and poly iron (III) may be mentioned (Nawrocki and
Biłozor 2010; Krupińska 2011).

Conventional chemical precipitation methods in-
clude hydroxide precipitation and sulfide precipitation.

3 Metal Hydroxide Precipitation

In a process of metal precipitation as hydroxides, an
alkaline agent is used, which raises the pH of the
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solution, resulting in a decrease of the metal ion solu-
bility, and thus their precipitation from the solvent. For
this purpose, lime or sodium hydroxide is most often
used. The mechanism of heavy metal removal by pre-
cipitation of metal hydroxides is shown in Eq. 1:

M2þ þ 2 OHð Þ−↔M OHð Þ2 ð1Þ

where M2+ and OH− represent the dissolved metal ions
and the precipitant, respectively, while M(OH)2 is the
insoluble metal hydroxide (Wang et al. 2004).

For the precipitation of heavy metals from the solu-
tion, calcium carbonate, calcium hydroxide (slaked
lime), calcium oxide (quicklime), sodium carbonate (so-
da ash), sodium hydroxide, and ammonium hydroxide
can be used (Skousen et al. 2000; Egiebor and Oni 2007;
Zhuang 2009; Maila et al. 2014; Skousen 2014).

Process of metal hydroxide precipitation has many
advantages. It is a relatively simple technique, imple-
mentation costs are low, and its pH is easy to control.
Although, the process generates large volumes of low-
density sludge that is difficult to further undergo
dewatering (Menezes et al. 2010; Park et al. 2013;
Chen et al. 2014; Kim et al. 2014; Seo et al. 2014).
Some metal hydroxides are amphoteric, and precipita-
tion of the mixture of metals is a problem, the ideal pH
for one ion can precipitate the other metal back into
solution. In addition, complexing agents present in the
solution may inhibit metal hydroxide precipitation (Fu
and Wang 2011).

4 Metal Sulfide Precipitation

Metal sulfide precipitation is also an effective method
for removing heavy metal ions. One of the main advan-
tages of using sulfides is the lower solubility of metal
compounds than hydroxide precipitates (Table 1)
(Wang et al. 2004; Lewis 2010; Fu and Wang 2011;
Bejan and Bunce 2015; Malik et al. 2019).

Sulfide precipitates are not amphoteric so it can
achieve a high degree of metal removal in a shorter time
over a wide pH range compared with hydroxide precip-
itation. Precipitated sludge has better settling properties;
it is easier to thicken and dewater compared with sludge
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Fig. 1 Processes of a
conventional metals precipitation
treatment plant (Wang et al. 2004)

Table 1 Theoretical solubilities of hydroxides and sulfides of
selected metals in pure water (Wang et al. 2004)

Metal Solubility of metal ion (mg/L)

As hydroxide As sulfide

Cadmium (Cd2+) 2.3 ∙ 10−5 6.7 ∙ 10−10

Chrome (Cr3+) 8.4 ∙ 10−4 No precipitate

Cobalt (Co2+) 2.2 ∙ 10−1 1.0 ∙ 10−8

Copper (Cu2+) 2.2 ∙10−2 5.8 ∙ 10−13

Iron (Fe2+) 8.9 ∙ 10−1 3.4 ∙ 10−5

Lead (Pb2+) 2.1 3.8 ∙ 10−9

Magnesium (Mn2+) 1.2 2.1 ∙ 10−3

Mercury (Hg2+) 3.9 ∙ 10−4 9.0 ∙ 10−2

Nickel (Ni2+) 6.9 ∙ 10−3 6.9 ∙ 10−8

Silver (Ag+) 13.3 7.4 ∙ 10−12

Tin (Sn2+) 1.1 ∙ 10−4 3.8 ∙ 10−9

Zinc (Zn2+) 1.1 2.3 ∙ 10−7
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obtained during hydroxide precipitation (Lewis 2010;
Fu and Wang 2011; Bejan and Bunce 2015).

The precipitation of metal sulfides can be carried out
using a variety of precipitants, such as sodium sulfide
(Na2S), sodium hydrosulfide (NaHS), calcium sulfide
(CaS), barium sulfide (BaS), iron sulfide (FeS), ammo-
nium sulfide ((NH4)2S), and sodium thiosulfate
(Na2S2O3) (Lewis 2010; Mokone et al. 2012; Thomas
et al. 2014; Bejan and Bunce 2015).

The sulfidation process is similar to the precipitation
of metal hydroxides. In order to precipitate metals,
sulfide is added and the precipitate is separated from
the solution, among others by deposition or gravity
filtration (Eqs. 2 and 3) (Wang et al. 2004).

Na2SþMSO4 ¼ MS precipitateð Þ þ Na2SO4 ð2Þ

FeSþ Cu2þ ¼ CuS precipitateð Þ þ Fe2þ ð3Þ

The main factors that influence the sulfide process are
pH and the type of sulfur source (Ke et al. 2014). The
reaction also depends on the type and initial metal concen-
tration, the precipitation agent used, and the concentration
ratio of the two components (Lewis 2010). Wei and
Osseo-Asare (1996) showed that Eh and pH strongly
affected the pyrite formation, with pyrite forming between
pH 3.6 and 5.7 and Eh − 0.05 to 0.01 V. Stén and Forsling
(2000) investigated the lead sulfide precipitation. They
found that precipitation conditions (speed of titration) af-
fected the results. When the lead nitrate (1 g/30 mL,
160 mM) was very slowly titrated with 0.1 M sodium
sulfide, they found that both lead and sulfide adsorbed onto
the precipitate surface. Jha et al. (1981) achieved almost a
complete precipitation of nickel and cobalt in less than an
hour, ensuring proper mixing and a sufficiently high con-
centration of recycled sludge.

Zinc is often chosen as the model metal for sulfide
precipitation studies. On the one hand, the metal is
important in the environment; on the other hand, it has
only one redox state (II), which simplifies the chemistry.
Copper is one of the metals that is difficult to study, due
to its ability to reduce in sulfide solutions and as a
consequence, the formation of a number of bisulfide,
sulfide, and polysulfide complexes (Lewis 2010). The
mechanism of metal precipitation is different for indi-
vidual metal ions and their mixtures. In the case where a
metal mixture is precipitated from solution, use of the

theoretical solubility values of individual metals is lim-
ited (Grabas 2009).

Some early papers describe use of a sulfide in indus-
try. Kim (1981) described two main types of sulfide
precipitation:

– soluble sulfide precipitation (SSP) using reagents
such as Na2S and NaHS,

– insoluble sulfide precipitation (ISP) using reagents
such as FeS and CaS.

The difference is in how a sulfide ion is introduced into
wastewater. In the SSP process, sulfide is added in the
form of awater-soluble precipitation agent, and the process
can be carried out in a continuous or batch way. In the ISP
process, the precipitation agent is introduced in the form of
a suspension in which the reagent is slightly dissolved
(Kim 1981, US Environmental Protection Agency (US
EPA) 2000).

The precipitation of metal sulfides is a difficult meth-
od due to the very low solubility of metal sulfides, while
the process is highly sensitive to the dosing of the
precipitation agent. During the precipitation of metal
sulfides, colloidal precipitates are formed, which cause
problems in further separation processes. In addition,
there is a risk associated with the emission of toxic
hydrogen sulfide during the process (Lewis 2010; Fu
and Wang 2011). All these limitations have forced to
search for new and effective precipitation compounds to
improve existing metal precipitation techniques (Fu
et al. 2007a; Thomas et al. 2014).

4.1 Alternative Methods of Metal Precipitation

4.1.1 Chelating Agent Precipitation

Alternative methods for precipitation of heavy metals
from aqueous solutions include precipitation using che-
lating ligands. Matlock et al. (2002a) in their research
determined the effectiveness of use of three widely used
commercial reagents for heavy metal binding: potassium/
sodium thiocarbonate (STC), 2,4,6-trimercaptotiazine,
trisodium salt nonahydrate (TMT), and sodium
dimethyldithiocarbamate (SDTC) (Fig. 2).

STC (Fig. 2a) is a sodium (with or without potassium)
thiocarbonate ([Na, K] 2CS3 · nH2O, where n ≥ 0) which
has the trade name of Thio-Red. It is a liquid organic
compound used to remove heavy metals from process
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wastewater, groundwater and other polar solvents (WST
Water Specialists Technologies LLC 2018).

Henke (1998) examined the possibility of using STC
to remove copper, mercury, lead, and cadmium ions. It
turned out that the precipitation of metal if followed by
the formation of metal sulfide (CuS, HgS, PbS, and
ZnS), instead of metal thiocarbonates (i.e., CuCS3,
HgCS3, PbCS3 and ZnCS3) as initially assumed. As a
result a carbon disulfide, volatile and toxic liquid, was
formed as a byproduct.

Blue et al. (2008) conducted research on use of STC
to precipitate mercury from the solution. Use of STC
allowed to reduce Hg concentration to a level below the
limit of detection, but after 24 h, mercury concentration
increased again. This was confirmed in other studies,
which showed that the STC may remove Hg, presum-
ably as a complex of Hg(STC)2, but then the mercury
was slowly released back into solution due to the oxi-
dation of sulfur to sulfate (Matlock et al. 2002a;
Hutchison and Atwood 2003).

The next compound, TMT-55 (Fig. 2b)—2,4,6-
trimercaptotriazine, a trisodium salt nonahydrate, which
contains three chelating groups (Wang et al. 2012), is in
the form of an aqueous solution of sodium thiocarbonate
(with or without potassium), sulfides, and other sulfur
compounds (Na3C3N3S3∙9H2O) (Henke 1998). It is
commonly used to precipitate the monovalent and diva-
lent metal ions (Henke et al. 1997, Cecconi et al. 2002,
Matlock et al. 2002a, information brochure about TMT-
15 and TMT from Evonik 2018), such as cadmium,
copper, mercury, lead, silver, and zinc from water and
wastewater (Tarabocchia and Karg 1990; Ayoub et al.
1995; Fogg et al. 1997; Henke et al. 2000; Bailey et al.
2001; Matlock et al. 2001a). It is also used to bond
alkaline earth elements (Henke and Atwood 1998;
Henke et al. 2001).

Laboratory studies have shown that this compound
removes Cu, Hg, Pb, and Zn from aqueous solutions to
form stable metal sulfides (CuS, HgS, PbS i ZnS)
(Henke 1998). The advantages of this product also
include limited sludge formation. The disadvantage is
high toxicity; high costs of sediment removal; price of
the chelating agent; inability to remove trivalent ions
such as Fe3+, Al3+, and Cr3+ (Decostere et al. 2009); and
in the case of precipitation of mercury ions, imperma-
nent nature of the TMT-Hg complex is formed
(Hutchison et al. 2008).

A commonly used chelating ligand is a sodium
thiocarbamate (SDTC), with the trade name HMP-2000
(Fig. 2c). This precipitating agent belongs to the dithiocar-
bamate group. A major problem associated with this sub-
stance is its tendency to decompose into toxic products
including tetramethylthiuram and thiuram (Matlock et al.
2002a; Atwood and Zaman 2005).

In practice, producing chelating ligands is simple and
economically viable. However, many of the complexing
compounds obtained are not specifically designed to
bind specific heavy metals. This often leads to unstable
metal-ligand bonds, whereby the metals can be released
back into the solution (Henke 1998; Henke et al. 2000;
Matlock et al. 2001a; 2002a). A disadvantage of using
ligands is also the need to use a high dose of a precip-
itation agent so that the final metal concentration meets
the relevant environmental protection requirements
(Matlock et al. 2002a).

4.1.2 Precipitation Using Dithiocarbamate Compounds

Often used precipitation agents are compounds belong-
ing to the dithiocarbamate group (DTC) (Fig. 3) (Tassel
et al. 1997; Andrus 2000; Monser and Adhoum 2002;
Yan et al. 2003; Fu et al. 2006a; Fu et al. 2006b; Fu et al.

Fig. 2 (a) Potassium/sodium thiocarbonate (STC); (b) 2,4,6-trimercaptotiazine, trisodium salt nonahydrate (TMT), (c) sodium
dimethyldithiocarbamate (SDTC) (Matlock et al. 2002a)
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2007a, b, Jing et al. 2009; Zhena et al. 2012; Bobinihi
et al. 2018). DTCs are obtained via the reaction of
carbon bisulfide (CS2) and sodium hydroxide (NaOH)
with mono-, di-, or poly-amines. The compounds pos-
sess single, double, or multiple chelating functional
groups to bind with heavy metals (Georgiadisa et al.
2006; Wang et al. 2012). These substances can be
divided into two categories: precipitators with macro-
molecules and compounds with small molecules (Fu
et al. 2006a).

Small molecular precipitants are available in two forms:
s o d i u m d i m e t h y l d i t h i o c a r b a m a t e a n d
diethyldithiocarbamate (DDTC) (Andrus 2000; Matlock
et al. 2002a; Fu et al. 2006a; Fu et al. 2007b). DTC is
added to the solution usually in a stoichiometric ratio,
equal to precipitated metals. The insoluble salts formed
are co-precipitated to form neutral solid hydroxide, which
is then removed from the solution. In practice, DTC com-
pounds are often dosed with a 10% excess. However,
excess DTC can be toxic to bacteria, algae, and other
aquatic organisms (Andrus 2000). In addition, it was noted
that during precipitation using DTC, insoluble metal com-
plexes such as Cu(diethyldithiocarbamate)2 may form (Fu
et a l . 2006b) . Die thyld i th iocarbamate and
dimethyldithiocarbamate have only one chelating group
(Fu et al. 2006a, Fu et al. 2007b).

In order to improve the efficiency of heavy metal
precipitation by DTCs, the number of dithiocarbamate
groups is increased. Fu et al. (2006a, 2006b) worked on
the use of disodium N,N-bis-(dithiocarboxy)piperazine
(Na2BDP) for precipitation of heavy metals from waste-
water. The compound was synthesized by the reaction of
piperazine with CS2 and NaOH in dry ethyl ether and
isopropyl alcohol under vigorous stirring over 5 h. The
molar ratio used was as follows: piperazine:CS2:NaOH=
1:2:2. The raw product was recrystallized from an aqueous
solution containing 50% methanol (Fu et al. 2006a; Fu
et al. 2006b; Fu et al. 2007b).

Fu et al. in their research verified the effectiveness of
using Na2BDP for precipitation of copper ions from
wastewater (Fu et al. 2006a) (Fig. 4) and for the simul-
taneous precipitation of copper ions and Acid Red-37
dye from wastewater (Fu et al. 2006b) (Fig. 5).

The researchers found a relationship between degree
of removal of copper ion, and the molar ratio of BDP/
Cu2+. Addition of a dicarbamate compound in a ratio of
1:1 (BDP/Cu2+) allowed reduction of copper from an
initial concentration of 50 to 0.04 mg/L. The results
showed that the precipitation process can be carried
out efficiently over a wide pH range (4.0–11.0) (Fu
et al. 2006a). Further studies confirmed that Na2BDP
can simultaneously and effectively remove heavy metal
ions and dyes from aqueous solutions (Fu et al. 2006b).

In another work, Fu et al. (2007b) continued research
on the use of Na2BDP for metal precipitation, this time on
the example of sewage containing nickel compounds
(Fig. 6). The studies compared the use N,N-
b i s - (d i th iocarboxy)p iperaz ine wi th tha t of
diethyldithiocarbamate (DDTC).

After addition of predetermined dose of BDP or DDTC
to an aqueous solution containing 50.00 mg/L of Ni (II),
efficiency of precipitationwas tested colorimetrically using
dimethylgloxime. Concentration of nickel (II) ions after
the precipitation process using BDP was 0.10 mg/L, at a
stoichiometric ratio 1: 1 (BDP: Ni2+). In case of DDTC,
ensuring the molar ratio of DDTC: Ni2+ at 2:1, the final
concentration of the tested metal was 0.76 mg/L. It was
found that increasing the pH of solution has a positive
effect on the removal of Ni (II), and this effect is similar for
both BDP and DDTC (Fu et al. 2007b).

Sedimentation properties of the resulting sediments
were also investigated. After 5 min of stirring and 1 min
of sediment settling, turbidity of the solution in which
BDP was used was 7 NTU, while using DDTC - 93
NTU. For the second precipitation agent, even after 1 h
of sedimentation, the turbidity of the solution was still
high and amounted 60 NTU. This indicates that the use
of BDP to precipitate nickel ions is characterized by
better sedimentation properties of the sludge compared
with that of DDTC (Fu et al. 2007b).

In practice, nickel often occurs in the form of com-
plexes in industrial wastewater. Therefore, Fu et al.
(2007b) also investigated the possibility of precipitation
of nickel ions in a coordinated form—NiCA. At a stoi-
chiometric BDP:NiCA ratio of 1:1, the final concentra-
tion of Ni2 + was 2.38mg/L. Increasing the BDP dose by
10% resulted in a decrease of the final concentration to

Fig. 3 Chemical structure of dithiocarbamates (https://pubchem.
ncbi.nlm.nih.gov/compound/Dithiocarbamate#section=Top, 2018)

https://pubchem.ncbi.nlm.nih.gov/compound/Dithiocarbamate#section=Top
https://pubchem.ncbi.nlm.nih.gov/compound/Dithiocarbamate#section=Top
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0.08mg/L. In case of precipitation with DDTC, the final
concentration of Ni2+ was 3.12 mg/L, and after increas-
ing the dose of DDTC by 10%, the concentration de-
creased to 0.30 mg/L. This shows that in the case of
precipitation of nickel compounds in the form of com-
plexes, it is necessary to use a slight excess of precipi-
tation agent. Research shows that BDP is a more effec-
tive precipitant than DDTC. Using BDP, sedimentation
of the precipitate is faster and the precipitation of the
nickel ions is more effective than using DDTC. In
addition, the BDP may partially remove the dye from
the solution, while DDTC does not have such
properties.

Another dithiocarbamate-type compound with an in-
creased number of chelating groups is sodium 1,3,5-
hexahydrotriazinedithiocarbamate (HTDC) CH2ð Þ3
NCS2ð Þ 3−

3 (Fig. 7) (Fu et al. 2007a; Lu and Astruc
2018).

HDTC was obtained by adding 25–28% ammonia to
40% formaldehyde aqueous solution. The mixture was
stirred at a temperature below 10 °C for 30 min, then
CS2 and 50% Na2CO3 aqueous solution were added.

The resulting solution was again stirred for 5 h at room
temperature (25 ± 1 °C). The final product was crystal-
lized as a white solid (Fu et al. 2007a).

Fu et al. (2007a) investigated the possibility of cop-
per precipitation from wastewater with HTDC (Fig. 8).
Considering that copper can form complexes in waste-
water, e.g., CuEDTA (copper ethylenediaminetetraace-
tic acid), that will not be precipitated using hydroxide or
sulfide, the authors investigated the possibility of pre-
cipitation of the complex with the HTDC. The concen-
tration of copper ions in wastewater was tested by
atomic absorption spectrometry (AAS), which finally
was lower than 0.5 mg/L, confirming the efficacy of
HTDC.

4.1.3 Ligands Designed for Irreversible Binding
of Heavy Metals

In order to create more effective, cheaper, and stable
compounds for precipitation of heavy metals, the syn-
thesis of a number of new ligands used for irreversible
binding of heavy metals was started. One of such ligand
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is 2,6-pyridinediamidoethanethiol (PyDET) (Matlock
et al. 2002a). Studies on use of this compound to remove
heavy metals from the solution show that it effectively
binds metals, so that their final concentration is signifi-
cantly lower than the limits set by US EPA. The precip-
itated product is insoluble in organic solvents and stable
in a wide pH range from 0 to 14 (Henke et al. 1999;
Matlock et al. 2001b; 2001c). When using PyDET, the
mercury concentration decreased from 50.00 to
0.09 mg/L and the lead concentration from 50.00 to
0.05 mg/L (Matlock et al. 2002a).

The problem of poor metal binding to the precipitant
mainly concerns with mercury (Matlock et al. 2003a).
This metal easily degrades, which releases it back into
the environment (Henke 1998; Matlock et al. 2001a;
2002a). To solve this problem, Matlock et al. (2001c,
2 0 0 2 d , 2 0 0 3 a , 2 0 0 3 b ) s y n t h e s i z e d 1 , 3 -
benzenediamidoethanethiol (BDETH2), which can be
used as the alkali salt (BDET2−) or the dialkali salt
Na2(BDET) (Fig. 9) for irreversibly binding mercury
and lead (Matlock et al. 2001c; 2003a). This compound
was designed based on the theory of hard and soft acids
and bases (HSAB), which assumes that a soft base (such

as disodium BDETH2) should favorably interact with
and bind to metals that are soft ones such as Hg2+ and
Pb2+ (Pearson 1963; Matlock et al. 2001c).

Zaman et al. (2007a) described BDETH2 as an aro-
matic compound that contains side chains with two
terminal thiol-amide arms and binds heavy metals in a
linear system. Nitrogen atoms may also be involved in
binding, depending on metal coordination preference
(Matlock et al. 2002d).

Matlock et al. (2001c) in their study achieved
99.97% removal of Hg2+ ions (final concentration
0.02 mg/L) using a 10% increased dose of BDETH2 at
pH 4.0 and a reaction time of 20 h. In turn, the maximum
lead removal in a 6-h reaction at pH 4.0 and 1:1 M ratio
(metal:ligand) was 99.90% (final concentration
0.05 mg/L).

Further studies showed that BDETH2 as BDET
2− can

bind elemental mercury, but much slower than Hg2+

ions. Using a 10% higher dose of BDET2− than the
calculated molar dose, a 93% mercury loss was found.
Increasing the BDET2− dose to 140% resulted in the
precipitation of 99% mercury from the solution. It was
found that higher ligand dose results in lower mercury
concentration (Matlock et al. 2003a). BDET (the MetX
trade name) was used in other numerous studies: to
remove mercury from wastewater from gold mining
(Matlock et al. 2002b; 2002c), to remove various heavy
metals from acid leachate from mine (Matlock et al.
2002d; Chusuei et al. 2008), to reduce the leaching of
metals from minerals (Matlock et al. 2003b; Atwood
and Zaman 2005; Zaman et al. 2007b), to remove lead
from the leachate from accumulators in which its con-
centration was from 2 to 300 mg/L, at a pH of about 1.5
(Matlock et al. 2002e), for removing mercury from soil
(Matlock et al. 2003a) and for low level mercury remov-
al from aqueous solutions (Blue et al. 2010). Numerous
studies have shown that the precipitate formed withFig. 7 HTDC chemical structure (Fu et al. 2007a)



HDTC + 10% dose increase
+

50 mL wastewater

Cu
2+ 

determined in the obtained 
filtrate by the AAS method

mixing

5 minutes, 
Gt 8940 (G=29.8/s, t=300s)

pH 3.0
Fig. 8 Diagram of a procedure for removing copper ions from wastewater using HDTC (Fu et al. 2007a)

Fig. 9 BDET2− structure
(Matlock et al. 2003a)
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BDET is insoluble in water in commonly used organic
solvents stable in a wide pH range from 0.0 to 14.0
(Matlock et al. 2001c, 2002b, d, 2003a, c).

The dipotassium salt of 1,3-benzendiamidoethanethiol
(K2BDET) is effective in removing “soft” heavy metals
such as Hg, Cd, Cu, and Pb in the range from 10 to
100mg/L (Matlock et al. 2001c; Atwood et al. 2003). Blue
et al. (2008) used K2BDET to precipitate mercury in low
concentrations from groundwater. Fifteen minutes after the
addition of K2BDET, the Hg concentration was reduced to
a level below the CVAF detection limit of 0.05 μg/L. It
was found that mercury is preferentially bound by the
precipitating agent; however, when the ligand is in excess,
it also has the ability to bind other divalent metals. The
order of binding divalent metals with BDET is Hg, Pb, Cd,
Ni, and Zn (Matlock et al. 2003c; Blue et al. 2008).

Another group of complex compounds used for the
stable precipitation of heavy metals is the pyridine-
based thiol ligands (DTPY) which utilizes two chains
at the 2,6-position, consisting of three carbons, one
nitrogen, and two sulfur end groups (Fig. 10). A stable
complex is obtained through multiple interactions be-
tween a divalent metal cation and sulfur and nitrogen
atoms in the ligand (Matlock et al. 2001b).

A ligand of this type allows for stronger precipitation
of heavy metals through the use of a tetrahedral bonding

arrangement around a central metal atom. Current re-
search lists mercury, cadmium, copper, and lead as
metals that can be successfully precipitated using DTPY
(Matlock et al. 2001b).

Hutchison et al. (2008) investigated use of ligands for
mercury binding in tetrahedral geometry. These com-
pounds consisted of alkyl groups, and not aromatic groups,
as in other studies, which resulted in very high flexibility of
the substance and enabled tetrahedral geometry around
Hg. It is described that each of these compounds has a
three or four carbon backbonewith a sulfide group on both
ends and a two to four carbon alkyl arm attached to each
sulfide, with each arm ending in a thiol group (Fig. 11).

Four compounds containing successively 3 sulfur
atoms and 2 thiol groups, 3 sulfur atoms and 3 thiol
groups, 3 sulfur atoms and 4 thiol groups, 4 sulfur atoms
and 4 thiol groups were synthesized. A key feature of
these ligands was to ensure the binding of mercury ions
to many sulfur atoms, thereby reducing its solubility in
water. The obtained degree ofmercury removal from the
solution, using this group, was comparable with the
efficiency of precipitation using aromatic chelates, and
the mercury ligands precipitated were of a stable nature
(Hutchison et al. 2008).

Table 2 summarizes and compares the efficiency of
removal of selected metals by sulfur-containing



Fig. 10 Chemical structure of
DTPY (Matlock et al. 2001b)

Fig. 11 Open-chain ligands
containing many sulfur atoms
(Hutchison et al. 2008)
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precipitation compounds described in the article. The table
shows that depending on the type of precipitating agents
and the conditions of the precipitation process, the
efficiency of metal removal from the solution may be
different. The lowest efficiency of metal precipitation
was noted for chelating ligands (STC, TMT, SDTC)
and for diethyldithiocarbamate (DDTC).With the increase
of dithiocarbamate groups in the molecule, the efficiency
of metal precipitation improves. And so is the case of
HTDC (dithiocarbamate-type compound with an
increased number of chelating groups) for which the effi-
ciency of removing copper from the solution was over
99%. Over 90% efficiency of metal precipitation was also
noted in the case of 2,6-pyridinediamidoethanethiol
(PyDET) and 1,3-benzenediamidoethanethiol (BDETH2)
and its salts: the alkali salt (BDET2−) and the dipotassium
salt (K2BDET). Additionally, using a higher dose of pre-
cipitant agent than the calculated molar dose results in
better efficiency in removing metals from solutions. Gen-
erally, the trend is to use more effective, cheaper, and
stable precipitating agents in a dose that does not interfere
with the process.

5 Summary

1 One of the most commonly used methods for
removing heavy metals from water and wastewater
is chemical precipitation using hydroxides or

sulfides. The process is characterized by simplicity
and low costs. However, during the precipitation of
metal hydroxides, large amounts of precipitate are
formed, metal hydroxides are amphoteric com-
pounds, and the precipitated metal can go back into
the solution.

2 Advantages of precipitation using sulfides include
a higher degree of metal reduction in a shorter time
(associated with lower solubility of metal com-
pounds in form of sulfides compared with metal
hydroxides) over a wide pH range.

3 The disadvantages of chemical precipitation of
metal sulfides are low solubility of metal sulfides,
high sensitivity of the process to the dosing of the
precipitation agent, and the emission of toxic hy-
drogen sulfide during the process.

4 Improvement of precipitation efficiency is obtained
by using an increased dose of precipitation agent.

5 Toxic byproducts are often produced. In the case of
STC, it is carbon disulfide. In turn, use of SDTC
leads to the formation of tetramethylthiuram and
thiuram, a toxic compound classified as biocide.

6 Dithiocarbamate compounds are often used. Howev-
er, precipitated complexes are usually unstable, and
the excessive dose of DTC that is necessary in the
process may be toxic to bacteria, algae, and other
aquatic organisms.

7 In order to improve the efficiency of heavy metal
precipitation, number of dithiocarbamate groups is
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Table 2 Efficiency of removal of selected heavy metals by sulfur-containing precipitation agents

Precipitant Metal Initial
concentration
(mg/L)

Removal
efficiency
(%)

Conditions Analytical method Reference

STC Pb 50.00 23.52/32.66
10.34/16.90
3.66/4.02

1 h, stoichiometric
dose/+10% dose

6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

ICP – OES Matlock et al.
2002a

Cu 50.00 44.46/45.84
42.02/48.46
42.28/46.42

1 h, stoichiometric
dose/+10% dose

6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

ICP – OES

Cd 50.00 31.24/45.82
20.94 30.26
5.86/17.00

1 h, stoichiometric
dose/+10% dose

6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

ICP – OES

Fe (II) 50.00 29.70/30.42
31.24/30.88
34.04/32.88

1 h, stoichiometric
dose/+10% dose

6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

ICP – OES

Hg 50.00 82.82/86.56
83.86/89.60
86.30/92.06

1 h, stoichiometric
dose/+10% dose

6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

CVAF

Hg 0.656 final conc <
LOD

final conc <
LOD

93.10
86.60

15 min, pH 4.7
24 h, pH 4.7
120 h, pH 4.7
240 h, pH 4.7

CVAF
LOD 0.05 mg/L for Hg

Blue et al. 2008

Hg 1.88 final conc <
LOD

final conc <
LOD

97.00
93.30

15 min, pH 6.4
24 h, pH 6.4
120 h, pH 6.4
240 h, pH 6.4

TMT-55 Pb 50.00 63.58/67.88
63.00/66.84
57.90/65.38

1 h, stoichiometric
dose/+10% dose

6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

ICP – OES Matlock et al.
2002a

Cu 50.00 67.64/67.62
73.40/71.58
79.74/74.82

1 h, stoichiometric
dose/+10% dose

6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

ICP – OES

Cd 50.00 25.72/57.92 ICP – OES
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Table 2 (continued)

Precipitant Metal Initial
concentration
(mg/L)

Removal
efficiency
(%)

Conditions Analytical method Reference

27.76/57.92
23.56/56.76

1 h, stoichiometric
dose/+10% dose

6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

Fe (II) 50.00 49.92/52.72
49.08/55.24
49.46/56.46

1 h, stoichiometric
dose/+10% dose

6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

ICP – OES

Hg 50.00 63.86/69.70
73.22/66.20
80.36/79.00

1 h, stoichiometric
dose/+10% dose

6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

CVAF

Cu 70.00 98.34 15 min, + 5% dose ICP – OES Wang et al. 2012
Cd 70.00 98.01 15 min, + 5% dose ICP – OES

Hg 0.656 88.60
79.42
79.42
79.27

15 min, pH 4.7
24 h, pH 4.7
120 h, pH 4.7
240 h, pH 4.7

CVAF Blue et al. 2008

Hg 1.88 80.21
82.93
85.32
93.62

15 min, pH 6.4
24 h, pH 6.4
120 h, pH 6.4
240 h, pH 6.4

SDTC Pb 50.00 56.20/69.08
56.22/67.58
52.46/67.38

1 h, stoichiometric
dose/+10% dose

6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

ICP – OES Matlock et al.
2002a

Cu 50.00 74.90/85.84
74.84/85.80
75.10/85.62

1 h, stoichiometric
dose/+10% dose

6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

ICP – OES

Cd 50.00 76.96/79.06
76.98/78.92
75.84/78.08

1 h, stoichiometric
dose/+10% dose

6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

ICP – OES

Fe (II) 50.00 49.64/51.44
53.86/53.58
52.16/52.12

1 h, stoichiometric
dose/+10% dose

6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

ICP – OES

Hg 50.00 97.98/98.62
97.00/97.52

1 h, stoichiometric
dose/+10% dose

CVAF



Water Air Soil Pollut (2020) 231: 503 Page 13 of 17 503

Table 2 (continued)

Precipitant Metal Initial
concentration
(mg/L)

Removal
efficiency
(%)

Conditions Analytical method Reference

94.44/96.74 6 h, stoichiometric
dose/+10% dose

20 h, stoichiometric
dose/+10% dose

Hg 0.656 88.70
89.56
90.38
91.52

15 min, pH 4.7
24 h, pH 4.7
120 h, pH 4.7
240 h, pH 4.7

CVAF Blue et al. 2008

Hg 1.88 85.00
90.37
91.86
94.04

15 min, pH 6.4
24 h, pH 6.4
120 h, pH 6.4
240 h, pH 6.4

DDTC Cd 4.00 0.00
86.72
65.70

pH 3.00
pH 5.30
pH 7.30

AAS Abu-El-Halawa
and Zabin
2017

Pb 5.00 88.82
45.94
51.18

pH 3.00
pH 5.30
pH 7.30

Zn 5.00 75.20
50.14
70.46

pH 3.00
pH 5.30
pH 7.30

Cu 5.00 98.00
95.42
98.42

pH 3.00
pH 5.30
pH 7.30

Ni (II) 50.00 98.48 A ratio 2:1 (DDTC:
Ni2+)

UV-PC spectrophotometer,
the wavelength 530 nm

Fu et al. 2007b

NiCA (nickel ions in a
coordinated form)

50.00 93.76 A ratio 1:1
(DDTC:NiCA)

NiCA (nickel ions in a
coordinated form)

50.00 99.40 + 10% dose of
DDTC

HTDC Cu 25.00
50.00
100.00

99.00
99.30
99.60

5 min, pH 3.0 AAS Fu et al. 2007a

BDP Cu 50.00 99.92 A ratio 1:1
(BDP/Cu2+)

AAS and UV-PC spectro-
photometer

Fu et al. 2006a

Ni (II) 50.00 99.80 A ratio 1: 1
(BDP:Ni2+)
neutral pH

UV-PC spectrophotometer,
the wavelength 530 nm

Fu et al. 2007b

NiCA (nickel ions in a
coordinated form)

50.00 95.24 A ratio 1:1
(BDP:NiCA)

NiCA (nickel ions in a
coordinated form)

50.00 99.84 + 10% dose of BDP

PyDET Hg 50.00 99.82 - CVAF Matlock et al.
2002aPb 50.00 99.00 - ICP-OES

BDETH2 Hg 60.00 99.97 + 10% dose of
BDETH2,

pH 4.0, 20 h

CVAF Matlock et al.
2001c

Pb 50.00 99.90 A ratio 1:1 (metal:
ligand)

pH 4.0, 6 h

ICP-OES

BDET2− Hg
Hg

34.5
34.5

99.96
99.98

10 min
15 min

CVAF Matlock et al.
2002b
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increased. In this way, compounds disodium N,N-
bis-(dithiocarboxy)piperazine (Na2BDP) and sodi-
um 1,3,5-hexahydrotriazinedithiocarbamate
(HTDC) were obtained.

8 Na2BDP and HTDC effectively precipitated not only
heavy metal ions but also dyes and some complex
compounds such as CuEDTA. In addition, when com-
paredwith single-chelating dithiocarbamate, better sed-
imentation properties of the sludge were obtained.

9 Compounds containing thiol groups, such as 1,3-
benzenediamidoethanethiol (BDETH2), 2,6-
pyridinediamidoethanethiol (PyDET), a pyridine-
based thiol ligand (DTPY), or open-chain ligands
containing many sulfur atoms, capable of forming
tetraadric mercury compounds, are also successful-
ly used for metal precipitation.

10 The dipotassium salt of 1,3-benzendiamidoethanethiol
(K2BDET) can be used to remove “soft” heavymetals
such asHg, Cd, Cu, and Pb, in the concentration range
from 10 to 100 mg/L.
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